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A commonly produced commercial thin-film solar cell consists of cadmium telluride (CdTe) as 
the p-type material, and cadmium sulfide (CdS) as the n-type. High-performance CdS/CdTe thin-
film photovoltaic (PV) devices can be produced by incorporating a copper-dopped zinc telluride 
(ZnTe:Cu) interface layer between the CdTe absorber and a titanium (Ti) outer metal contact. 
This contacting process not only enable low-resistance tunneling between the ZnTe:Cu and Ti 
but allows Cu diffusion into the CdTe, increasing the net-acceptor concentration, leading to 
higher efficiency cells. Thin-film ZnTe:Cu is deposited by sputtering, a process where a solid 
material target is hit by energetic particles so that atoms are ejected from the target onto the 
substrate. Although the contact demonstrates both high performance and stability, recent studies 
suggest that oxygen incorporated into the ZnTe:Cu during sputtering process can be detrimental 
to device performance.  One interpretation of this observation is that oxygen bonds with Cu, and 
reduces Cu diffusion into the CdTe layer.  
 We first investigated how oxygen incorporation from various ZnTe:Cu sputtering targets 
affect film properties and their resulting device performance by exploring different target 
manufacturing processes that have the potential to reduce oxygen content in films. Initial 
materials analysis suggests targets produced from raw elements (Zn, Te, and Cu) rather than 
compounds (ZnTe and Cu) causes formation of a Cu2Te phase in the powders used to make the 
targets, leading to higher-density targets, which also produce films that appear visually more 
transparent. Analysis of ZnTe:Cu films include compositional, optical, structural, electrical,  





 Furthermore, we explored how varying deposition parameters, such as substrate 
temperature and sputtering ambient affect film properties. We study how the optical band gap, 
Eg, and Urbach energy, EU, which is the width of the localized states that tail into the band gap, 
from optical spectra of the ZnTe:Cu films due to change in compositional and structural 
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 The fabrication of electrical contacts to the p-CdTe absorber material in thin-film CdTe 
photovoltaic (PV) solar cells has been a concern since the devices were first made in the early 
1960s. However, Cu-doped p-ZnTe (ZnTe:Cu) can be used as an effective contact interface layer 
to thin-film CdTe devices because of its ability to reduce contact resistance and promote stability 
in the contact, so it is often used in CdTe PV modules that are fabricated by large manufactures 
today. 
1.1 Background and Literature Review 
 Developing a stable back contact system for high-performance CdS/CdTe thin-film 
photovoltaic (PV) devices is an important goal for the CdTe research community. [1] Previous 
studies, in which a metal is deposited directly onto a chemically etched Cu-doped CdTe layer, 
have shown to form a barrier, approximately 0.3-0.4 eV, within the CdTe layer (Figure 1-1(A)). 
At room temperature this barrier limits hole transport, resulting in even poorer device 
performance as temperature decreases further, significantly affecting the current-voltage (IV) 
characteristics of the cell.  This observation is often described as “rollover” of the IV curve in the 
first quadrant. [2] The degree of “rollover” has been shown to be related to the amount of Cu 
used in the fabrication of the back contact. Thus, in order for current transport to occur, carriers 
must be thermally excited over the barrier. [1]  
 Recent studies have shown that incorporating a copper-doped (p-type) zinc telluride 
(ZnTe:Cu) contact interface layer between the CdTe absorber and a titanium (Ti) outer metal 
contact enables low-resistance tunneling through a narrower barrier (Figure 1-1(B)) to produce 





Figure 1-1: Band diagrams of the contact region for (A) contact formed by band bending in 
CdTe, and (B) ZnTe:Cu contact interface. [1] 
 
Although it is difficult to dope CdTe to have high acceptor levels, limiting the normal alternative 
to ohmic-contact formation [4], ZnTe can be heavily doped p-type.  Further, the nearly perfect 
alignment of CdTe and ZnTe valence bands enables hole transport between the two materials.  
These two attributes of ZnTe:Cu allow a low-resistance stable contact system and facilitates a 
drift field in the device. [1,5,6]  
 This contacting process also allows Cu to diffuse from the ZnTe:Cu contact into the 
CdTe layer, increasing its net-acceptor concentration.  The acceptor-generating mechanism is 
often suggested to be either displacement of a Cd atom from its site to form a Cd vacancy (VCd), 
first removing the Cd and then replacing it with a Cu (CuCd), or substituting Cu onto a pre-
existing VCd site. [7] However, more than optimum Cu diffusion can reduce device performance 
and stability by forming Cu interstitial defects (Cui) which is believed to decrease the net-
acceptor concentration in the CdTe layer, or that Cu may diffuse further into the cell and creating 
acceptor levels in the CdS layer. [7,8] Recent studies suggest that oxygen incorporated into the 
ZnTe:Cu film during the sputtering can also be detrimental to device performance.  It has been 
suggested this may be due to the formation of Cu-O phases that can limit the amount of Cu 













in device performance are believed to be linked to the Zn/Te ratio and oxygen content in the 
ZnTe:Cu films that are deposited by sputtering, and therefore may further relate back to the 
fabrication procedures of the sputtering targets themselves. [7] Other studies have shown that 
adding small amounts of hydrogen to the sputtering ambient during the deposition process can 
lower the amount of oxygen present in the ZnTe:Cu interface layer to improve device 
performance. [10] 
 The largest manufacturer of commercial CdTe PV modules, First Solar, has recently 
reported just how important the incorporation of an optimum contact interface is when they 
achieved the CdTe PV device world-record performance by incorporating a ZnTe:Cu back 
contact into their production modules. [11] They are now manufacturing a new type of module, 
called the “S3 Black Plus,” that is similar to their previous “S3 Black” module, but with a 
ZnTe:Cu interface layer between the CdTe layer and outer metal contact. The report compares 
the I-V curves of S3 Black and S3 Black Plus modules. Their results show that current ‘rollover’ 
in the S3 Black module is largely eliminated in the S3 Black Plus module that uses a ZnTe-based 
back contact interface.  Indeed, the S3 Black Plus device behaves like an ideal p-n diode, with a 
sharp turn-on voltage that progressively increases with lower temperature. First Solar also notes 
that the detrimental issue of Cu migrating from the back contact can be controlled by proper 
optimization of the ZnTe:Cu contact interface layer.  
 Overall, this thesis, and the First Solar report, strongly indicate that a further 
understanding of how changes in material properties of the ZnTe:Cu interface layer affect device 
performance is important research needed for the CdTe PV community now. The goal of this 
thesis was to investigate how the compositional, structural, electrical, and optical properties of 




deposition parameters. These properties are very likely to strongly affect cell performance and 
stability when they are incorporated into the CdTe device structure as an interface layer. 
1.2 Thesis Organization 
 The thesis is composed of one general introduction chapter (Chapter 1), one chapter 
explaining the materials and methods used (Chapter 2), three journal papers (Chapters 3, 4, and 
5), and a general conclusion chapter (Chapter 6). The order of the journal papers is chronological 
in terms when they were written.  
 Chapter 1 introduces the significance of using ZnTe:Cu as a back contact for CdS/CdTe 
thin-film photovoltaic devices. A background from previous literature describes the contact 
issues that are associated with CdS/CdTe cells, and how incorporating a ZnTe:Cu interface layer 
can create a stable back contact system and produce high-performing solar cells. 
 Before the chapters containing journal papers, Chapter 2 gives a background of the 
materials and methods that are used in the studies. It first provides a history of ZnTe:Cu 
sputtering target manufacturing techniques and how small changes in ZnTe:Cu sputtering target 
fabrication processes affect the composition of the films and resulting devices. Chapter 2 also 
describes the procedure for depositing the ZnTe:Cu films used for studying the material 
properties, and the CdS/CdTe device fabrication process. The journal papers (Chapters 3, 4, and 
5) only partially explain some of characterization methods that are used (for optical, structural, 
and electrical analysis of the ZnTe:Cu films). Thus, the last sections of Chapter 2 explain further 
details of these analysis techniques.  
 The first journal paper, “ZnTe:Cu Film Properties and Their Impact on CdS/CdTe 
Devices,” given in Chapter 3, was published in Proceedings of the 2014 IEEE Photovoltaic 




that were used to study changes in ZnTe:Cu film properties and their impact on device 
performance. Analysis of ZnTe:Cu films include compositional, optical, electrical,  
characterization. It was found that the amount of oxygen in the targets and films is strongly 
linked to changes in material properties, especially in band tailing and optical bandgap. The 
effects from varying substrate temperature was also investigated for one of the targets (Recipe 
#2, 4 wt.% Cu). 
 Chapter 4 contains a modified paper, “The Effects of Sputtering Target Preparation and 
Deposition Temperature on ZnTe:Cu Film Properties,” that was previously published in 
Proceedings of the 2015 IEEE Photovoltaic Specialists Conference. [13] Here, three types of 
ZnTe:Cu sputtering targets were used to further explore how the substrate temperature used 
during the deposition process effects the optical, structural, and electrical properties of the films. 
 Optical properties of the ZnTe:Cu films are further studied in Chapter 5 to investigate 
how “band-tails,” which are localized states that tail into the band gap arising from impurities 
and defects in the films, and how varying substrate temperature and sputtering ambient affect the 
amount of band-tailing and structural disorder that occurs. The journal paper given in this 
chapter is titled, “Optical and Structural Characterization of Sputter-Deposited ZnTe:Cu Thin 
Films,” and is in preparation to be submitted to a peer-reviewed journal. 
 The final chapter of this thesis (Chapter 6) gives a general conclusion by relating the 
results from each of the three journal papers. Recommendations for future work is also discussed 
in the conclusion.  
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MATERIALS AND METHODS 
 The ZnTe:Cu interface layer is often deposited onto the CdTe absorber material by radio-
frequency (r.f.) sputtering due to the availability of the sputtering equipment of the size required 
to produce large-area solar cells. However, small changes that have been made in the ZnTe:Cu 
sputtering target fabrication process in the past had significant effects on device performance.  
2.1 ZnTe:Cu Sputtering Target Recipes 
 We have found that small changes in ZnTe:Cu sputtering target preparation can produce 
significant changes in device performance. Devices made at NREL that incorporated a ZnTe:Cu 
interface layer deposited from “historic” targets (targets made in 1993) demonstrated 
significantly higher performance than the devices contacted using more “recent” targets (made in 
2009 and 2011), although all targets came from the same target vender (Materion, Milwaukee, 
WI). [1,2] The 1993, 2009, and 2011 targets were all made starting with a reacted ZnTe 
compound, and then blended with Cu, before hot- pressing to produce ZnTe:Cu targets with a 4 
weight percent of Cu (4 wt.% Cu) content. After further investigation, we found that the 
environment used to blend the raw materials in during the target manufacturing processes had 
evolved since the 90’s. The historic (1993) targets blended the initial target materials in liquid 
Freon because of its good evaporation characteristics. However, once regulation policies for use 
of CFC’s came into effect, Freon was no longer used to blend the raw materials for the targets. 
[3] Because of this, the 2009 targets were blended in water.  Not surprisingly, this resulted in 
higher oxygen content in ZnTe:Cu films sputtered from the 2009 targets compared to the 1993 
targets. Suspecting that the higher oxygen content in the ZnTe:Cu may be related to lower device 




 For the first attempt (2011 targets) incorporated a finer Cu powder that was reduced in 
hydrogen in an attempt to remove oxidation before blending it with reacted ZnTe.  This powder 
mixture was then hot-pressed to produce the ZnTe:Cu (4 wt.% Cu) target. Unfortunately, this 
target-fabrication process produced even poorer-performing devices than the 2009 target.  
 In 2012, a second attempt was made to reduce the oxygen concentration in the targets. 
This recipe (Recipe #2) used elemental Zn, Cu, and Te as the initial raw materials (insteadof 
ZnTe and Cu), and then reacted the elements in a reducing environment to form a mixture of 
ZnTe and Cu2Te.  Once these powders were formed, they were hot-pressed to form the targets 
with the desired Cu concentrations (2 and 4 wt.%). Additionally, to provide control samples, the 
2012 target order also included a target that used the same recipe as the 1993, 2009, and 2011 
targets (reacted ZnTe that was then blended with Cu, call this Recipe #1), but was reacted a 
second time after blending it with Cu, which allowed the target to be pressed at a higher 
temperature, producing a high-density target similar to the targets made by Recipe #2. For both 
recipes, ZnTe:Cu targets containing 4 wt.% Cu were produced.  However, an additional ZnTe:Cu 
(2 wt.% Cu) target made using Recipe #2 was also produced in 2012 for this study.  
 Initial target analysis supplied by the vendor suggested that targets produced from 
elemental sources (Zn, Te, and Cu) rather than compounds (ZnTe and Cu) produced targets with 
higher density.  Subsequent film deposition at NREL further indicated that films produced from 
Recipe #2 appeared visually more transparent. Therefore, the initial observations indicated the 
two target recipes not only affected the composition of the films, but also resulting device 






2.2 ZnTe:Cu Film Deposition Process and Device Fabrication 
 ZnTe:Cu films used in this study were deposited from the targets onto cleaned glass 
substrates using r.f. magnetron sputtering in a Unifilm Technologies PVD 300, multi-source, 
planetary-motion sputtering system vacuum processing chamber. Recent studies suggest that 
oxygen incorporated into the ZnTe:Cu during the sputtering process can be detrimental to 
devices performance. Many different sources can introduce oxygen during the ZnTe:Cu 
sputtering process, including impurities in the argon gas, chamber walls, sample holders, sample 
substrates, or the targets themselves. In order to study how different target manufacturing 
processes can affect the level of oxygen incorporated from the targets themselves, many methods 
were used to limit  oxygen impurities coming from other sources during sputtering process as 
much as possible. These methods include using 100 % ultra-high purity grade Ar gas that has ~1-
4 ppm O2, an initial 60 min conditioning process of targets to remove oxidation on outer layer, 
pre-sputtering targets for approximately 5 min prior to deposition to further remove oxidation on 
outer layer of target and oxygen impurities on chamber walls and substrate holder, and 
thoroughly cleaning substrates prior to deposition. [4] 
 Glass substrate cleaning was performed by soaking for 30 min in an ultrasonically 
agitated solution of 1% Liquinox soap and deionized water heated up to ~80 °C. The substrates 
were then rinsed three times in deionized water before soaking for 30 min in ultrasonically 
agitated deionized water maintained up to ~80 °C. This last step (rinsing three times and soaked 
for 30 min) was repeated two more times with the last time being soaked for 30 min in 
ultrasonically agitated deionized water maintained at room temperature. The cleaning process 
was finished by rinsing the substrates three more times in deionized water then placed in a heated 




 The type of substrate used, temperature of substrate during deposition, and thickness of 
ZnTe:Cu films varied throughout the study. Films used for compositional analysis were 
deposited onto cleaned soda-lime glass at room temperature at various thicknesses. To study how 
the optical, electrical, and structural properties of the films may change with deposition 
temperature (note, devices are contacted at ~320°C), 0.7-µm thick films were also deposited at 
room temperature, 100°C, 200°C, 320°C, or 350°C onto cleaned soda-lime glass, barium silicate 
glass (Corning 7059), and alumino-borosilicate glass (Eagle).  For these temperature studies, the 
target used was produced using Recipe #2 target and contained 4 wt.% Cu. Thickness of each 
film was measured using a Veeco DekTak stylus profilometer. Thickness measurements showed 
good uniformity of films by varying less than 0.2 µm throughout each sample. 
 The ZnTe:Cu films described above were further incorporated into CdS/CdTe devices 
made at NREL. The device structure used was barium silicate 
glass/SnO2:F/SnO2/CdS/CdTe/ZnTe:Cu/Ti (Figure 2-1).   





For contacting, approximately 100 nm of material was removed by ion-beam milling to clean the 
CdTe surface of any CdCl2 process residues and yield a reproducible interface stoichiometry 
before the ZnTe:Cu film was deposited.  Then the ZnTe:Cu film was deposited at 320°C by r.f. 
magnetron sputtering for each of the three target recipes.  The last step of the contact process was 
to deposit approximately 0.5 µm of Ti, using d.c. magnetron sputtering.  Samples were cooled 
for 120 minutes before removing from the vacuum chamber and patterned photolithographically 
and chemically into 0.25-cm2 cells. Figure 2-1 shows this type of CdS/CdTe thin-film PV device 
and how each layer contributes to the electronic band diagram of the full device. 
2.3   ZnTe:Cu Thin-Film Characterization Methods 
 This section describes some of the measurement methods and techniques used for 
analysis that are not fully described in late chapters. 
2.3.1   Hall Measurements 
 To determine the electrical properties, given in Chapters 3 and 4, of ZnTe:Cu films that 
were deposited from three different targets for substrate temperatures that ranged 20°C- 350°C, 
room temperature Hall measurements (Van der Pauw technique) were collected. The resitivity, 
Hall coefficient, carrier density, and Hall mobility values for all films were measured eight times 
at magnetic field (B-field) values of ±1.0, ±4.0, ±7.0, and ±10.0 kG for each. The Hall data 
figures show the average of the eight values collected from the various B-fields, with error bars 
showing how much the data values varied with the different B-field strengths. To make sure the 
Hall data did not depend on impurities from the substrate, the films were deposited onto three 
types of substrates; cleaned soda-lime glass, barium silicate glass (Corning 7059), and alumino-




targets containing 2 and 4 wt.% Cu. Films deposited from the Recipe #1 target (4 wt.% Cu) were 
too resistive to measure Hall data. 
2.3.2  Methods for Structural Analysis 
Figure 2-2: Comparison of peak positions of the measured x-ray diffraction data for films 
deposited various substrate temperatures from the Recipe #1 (4 wt.% Cu) target with the known 
peak positions for ZnTe, Cu2Te, and Cu1.8Te structures (hexagonal and cubic) given from the 




 X-ray diffraction (XRD) was done on films that were ~0.5 µm thick using CuKα 
radiation and a diffractometer to investigate the structural properties of ZnTe:Cu films and how 
the film structures depend on deposition temperature and target recipe.  
Figure 2-3: Comparison of peak positions of the measured x-ray diffraction data for films 
deposited various substrate temperatures from the Recipe #2 (4 wt.% Cu) target with the known 
peak positions for ZnTe, Cu2Te, and Cu1.8Te structures (hexagonal and cubic) given from the 





XRD analysis for films deposited onto soda-lime glass from each of the three targets at 20°C, 
100°C, 200°C, and 350°C and is shown in Chapters 4 and 5.   
Figure 2-4: Comparison of peak positions of the measured x-ray diffraction data for films 
deposited various substrate temperatures from the Recipe #2 (2 wt.% Cu) target with the known 
peak positions for ZnTe, Cu2Te, and Cu1.8Te structures (hexagonal and cubic) given from the 





The measured patterns of the ZnTe:Cu films were compared to the known peak positions for 
ZnTe, Cu2Te, and Cu1.8Te structures (hexagonal and cubic) given from the International Centre 
for Diffraction Data for analysis as shown in Figures 2-2, 2-3, and 2-4. 
2.3.3   Methods for Optical Analysis 
 
 Collection of reflection and transmission spectra from the ZnTe:Cu films, as shown in 
Figure 2-5, were used to calculate the absorption coefficient, α, to produce Tauc and Urbach 
plots.  
 
Figure 2-5: Example of measured reflection and transmission spectra used to calculate the 
absorption coefficient, α, to produce Tauc and Urbach plots. 
 
 
 Tauc plots produced from the optical data limited the y-axis to (αhν)2 values less than 4 x 
1010 (eV/cm)2 to assure that α remains less than 105 cm-1 in the range near the band edge.  
Further, the thickness of the sample was limited to ensure enough light is transmitted at energies 
greater than or equal to the bandgap energy.  This will allow the analysis of α to remain valid 





 The optical band gap was determined by finding the x-intercept of the line that fits the 
linear portion of each curve in the “Tauc region”, 104 cm-1 < α < 105 cm-1, where the high 
absorption is associated with inter band transitions, using the Davis and Mott relation [5],  
αhν = B(hν – Eg)n, 
where B is the Tauc parameter, hν is the photon energy, Eg is the optical band gap, and  is a 
number related to the mechanism of the transition process (n = ½ here since it is a direct allowed 
transition). [6, 7] The slope of this line (B2) is a measure of the structural disorder or randomness 
in the atomic configuration of the material. [7, 8] 
Figure 2-6 shows a diagram of the density of electronic states and the allowed optical 
transitions for a degenerate p-type semiconductor when there is an exponential band tail 
extending from the conduction band into the energy gap. 
 
Figure 2-6: Diagram illustrating an exponential band tail extending from the conduction band 
into the energy gap for a degenerate p-type semiconductor. [10] 
 
 Smaller absorption coefficients (when α < 104 cm-1) occur when one of the bands tails 
exponentially into the forbidden gap. [9] This “Urbach region” can be examined in a plot of the 




α < 104 cm-1).  The Urbach tail is the part of the curve where α depends exponentially on the 
photon energy by � = ��� �/�� , 
 
where αo is a constant and EU is the Urbach energy, which is the width of the tail of localized 
states in the band gap representing the degree of disorder [8]. EU values are calculated from the 
slopes of the linear portions of the curve on a plot of ln(α) vs. photon energy.  
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3.1  Abstract 
 
 A back contact containing a sputtered ZnTe:Cu interface layer can produce high-
performing thin-film CdS/CdTe photovoltaic devices.  We have found that small changes in 
ZnTe:Cu sputtering target fabrication processes affects the properties of the ZnTe:Cu films, and 
these film changes affect the performance of resulting devices.  Different target manufacturing 
techniques were investigated to study changes in ZnTe:Cu film properties and how they impact 
device performance.  Compositional, optical, and electrical properties of films made from 
different target recipes were studied. It was found that the amount of oxygen in the targets and 
films is strongly linked to changes in material properties, especially in band tailing and optical 
bandgap. 
3.2  Introduction 
 Developing a stable back contact for high-performing CdS/CdTe thin-film photovoltaic 
(PV) devices is an important goal for the CdTe community. [1] Studies at the National 
Renewable Energy Laboratory (NREL) have shown that high-performing stable devices can be 
achieved by incorporating a Cu-doped ZnTe interface layer between the CdTe absorber and a Ti 
outer metal contact. [2] This contacting process enables low-resistance tunneling through a 




acceptor levels. [1, 3] Also, the nearly perfect alignment of the CdTe and ZnTe valence bands 
allows hole transport between the CdTe and ZnTe layers. [1, 4]  
 Thin-film ZnTe:Cu in this study was deposited by r.f. magnetron sputtering. We have 
found that small changes in ZnTe:Cu sputtering target preparation will produce significant 
changes in device performance. Devices made at NREL that incorporated a ZnTe:Cu interface 
layer deposited from “historic” targets (made in the early 90’s) achieved fill factors of up to 
77%. [1, 2] However, more “recent” targets (made in 2009 up to 2012), that were made with 
nominally identical compositions as the “historic” targets, produced ZnTe:Cu films that had a 
higher oxygen concentration, more Zn, and less Te and Cu than the films that were produced 
from “historic” targets. These “recent” targets also yielded devices with significantly lower 
performance compared to the devices made from the “historic” ZnTe:Cu targets.  
 Many different sources can introduce oxygen during the ZnTe:Cu sputtering process. 
These include impurities in the argon gas, chamber walls, sample holder, or from the targets 
themselves. We also found that target manufacturing processes had evolved since the 90’s.  In 
this study we investigate the effect of oxygen content in the sputtered ZnTe:Cu films that result 
from different target manufacturing processes.  Initial materials analysis suggests targets 
produced from elemental sources (Zn, Te, and Cu) rather than compounds (ZnTe and Cu) causes 
formation of higher-density targets, which also produce films that appear visually more 
transparent.  The two target recipes not only affected the composition of the films (see Figure 3-




Figure 3-1: Compositional data of ZnTe:Cu films deposited from “historic” and “recent” targets.  
The Zn, Cu, and Te concentrations were determined from EPMA analysis, while oxygen 
concentration data came from XPS analysis. Only the oxygen concentration for the film made 




Figure 3-2: Light and dark IV measurements of devices made with “historic” and more “recent” 
targets.  These figures show devices made from 2009 and 2011 targets had poorer performance 
than the devices made from the 1993 target, but the devices made from the 2012 target (Recipe 






Earlier studies suggested that ZnTe:Cu films containing excessive oxygen can be linked to 
formation of Cu-O phases that may limit the amount of Cu that can beneficially diffuse into the 
CdTe. [5]   This study also links stoichiometry, optical, and electrical properties of the ZnTe:Cu 
film to the concentrations of oxygen and Cu in the film, and resulting device performance.  
Finally, we report on the effects of optical and electrical properties within the temperature range 
typically experienced during device fabrication. 
Figure 3-3: Light and dark IV measurements of devices made with 2012 ZnTe:Cu targets using 
both Recipe #1 and Recipe #2. 
 
 
3.3  Materials and Methods 
 Two different recipes were used by the vendor (Materion, Milwaukee, WI) to produce the 
targets tested in this study.  The first process (Recipe #1) blended powders of (compound) ZnTe 
with Cu metal, before hot-pressing the material to produce ZnTe:Cu targets.  The second process 
(Recipe #2) blended elemental Zn, Cu, and Te elements, pre-reacted all elements to form a 
mixture of ZnTe and CuxTe.  The material was then sized (masticated), and hot-pressed to 




produced.  A target using Recipe #2 with 2 weight percent of Cu was also produced for this 
study. 
 ZnTe:Cu films were deposited from the different targets using r.f. magnetron sputtering 
in a Unifilm Technologies PVD 300 multi-source vacuum processing chamber.  Following an 
initial 60 min conditioning targets were pre-sputtered for approximately 5 min. before each film 
deposition in 100% Ar.  Films used for compositional (see Figure 3-1) and optical analysis (see 
Figures 3-4 and 3-5) were deposited onto cleaned soda-lime glass at various thicknesses for each 
of the three targets at room temperature.  To study how the optical and electrical properties of the 
films may change with deposition temperature (note, devices are contacted at ~320°C), 0.7-µm 
thick films were also deposited at room temperature, 100°C, 200°C, 320°C, or 350°C onto 
cleaned soda-lime glass, barium silicate glass (Corning 7059), and alumino borosilicate glass 
(Eagle).  For these temperature studies, shown in Figures 3-6, 3-7, and 3-8, the target used was 
produced using Recipe #2 target and contained 4 wt.% Cu. 
 Film thickness was measured using a Veeco DekTak stylus profilometer.  For 
compositional data, electron probe microanalysis (EPMA) was used to determine the Zn, Te, and 
Cu concentration, and x-ray photoelectron spectroscopy (XPS) analysis, from a Physical 
Electronics Model 5600 system, was used to determine the oxygen concentration of the ZnTe:Cu 
films.  Hall measurements (Van der Pauw technique) were performed at room temperature to 
determine the electrical properties the films that were deposited at either 200°C, 320°C, or 
350°C.  Finally, optical reflection and transmission spectra were collected using a Varian Cary 
6000i UV-Vis-NIR spectrophotometer to investigate changes in optical band gap and bandtailing 




 In order to acquire optical data of the quality needed for the envisioned analysis, glass 
substrates were not placed in front of the beams during the baseline collection of 0% and 100% 
transmission and reflection data.  Thus, only the effects of air were accounted for by the 
reference and measurement beams during data collection - with the film side of the sample 
incident to the measurement beam.  Tauc plots produced from the optical data limited the y-axis 
to (hνα)2 values less than 4 x 1010 eV2 cm-2 to assure that α remains less than 105 eV2 cm-2 in the 
range near the band edge.  Further, the thickness of the sample was limited to one or two 
absorption lengths (~ 1/α) to ensure enough light is transmitted at energies greater than or equal 
to the bandgap energy.  This will allow the analysis of α to remain valid since α = - (1/d) ln[T/(1-
R)], where d is the thickness of the film, T is the transmittance, and R is the reflectance.  We 
believe that plotting in this way allows values of both bandgap (x-intercept) and band tailing to 
be assessed and compared with a reasonable degree of confidence. 
 The ZnTe:Cu films described above were further incorporated into CdS/CdTe devices 
made at NREL (see Figures 3-2 and 3-3).  The structure of the device used in this study was 
barium silicate glass/SnO2:F/SnO2/CdS/CdTe/ZnTe:Cu/Ti.  For contacting, approximately 100 
nm of material was removed by ion-beam milling to clean the CdTe surface of any CdCl2 
process residues and yield a reproducible interface stoichiometry before the ZnTe:Cu film was 
deposited.  Then the ZnTe:Cu film was deposited at 320°C by r.f. magnetron sputtering for each 
of the three target recipes.  The last step of the contact process was to deposit approximately 0.5 
µm of Ti, using d.c. magnetron sputtering.  Samples were cooled for 120 minutes before 
removing from the vacuum chamber and patterned photolithographically and chemically into 
0.25-cm2 cells.  Light and dark current-voltage (IV) measurements were then measured from the 




3.4  Results and Discussion 
 Figure 3-2 shows light and dark IV measurements of devices containing ZnTe:Cu films 
deposited from targets produced by Recipe #1 (1993, 2009, and 2011), and Recipe #2 (2012).  
The performance of the device made with the 1993 (13.9%) is typical of good-performing 
devices made with this target.  However, the figure shows that performance of devices made 
with the 2009 and 2011 targets is lower.  Analysis of ZnTe:Cu films made from the 2009 target 
revealed high oxygen concentration (see Figure 3-1).  Subsequent discussions with the target 
vendor of this observation resulted in process changes that were incorporated into the fabrication 
used for the 2011 target set.  Although the target fabrication changes indeed produced ZnTe:Cu 
films from the 2011 targets with less oxygen then the 2009 targets, the 2011 films still retained 
more oxygen than the films made from the 1993 targets.  Surprisingly, the devices from the 2011 
targets demonstrated even lower performance (8.19% efficiency) than the devices that contained 
the 2009 films, suggesting that oxygen may not be the only important difference, and as shown 
in Figure 3-1, the Zn/Te ratio may be another important difference. 
 Analysis of the 1993, 2009, and 2011 targets and devices suggested that an alternative 
target fabrication process should be considered.  The resulting alternative process (called Recipe 
#2) was used in two of the three 2012-vintage targets (2 and 4 wt.% Cu), while the remaining 
2012 target was produced using the historic Recipe 1 (4 wt.% Cu).  Figure 3-3 shows the 
comparison of light and dark IV measurements from devices made from each of the three target 
types.  
 Note that Recipe #2 was designed not only to limit the amount of oxygen in the ZnTe:Cu 
target, but also to produce a Zn/Te ratio more consistent with the 1993 targets.  As shown in 




Zn/Te ratio of the 1993 targets.  More importantly, and as shown in Figures 3-2 and 3-3, the 
resulting device performance (for the Recipe #2 target with 2 wt.% Cu) re-establishes much of 
the performance attributes observed for devices produced with the 1993 targets.   
 Compositional EPMA and XPS analysis of ZnTe:Cu films containing 4 wt.% Cu made 
from older and newer targets (Figure 3-1) shows that films produced from the 2009 and 2011 
targets (Recipe #1) generally have more oxygen and a higher Zn/Te ratio than films produced 
from the 1993 target.   Further, films from the 2012 target containing 4 wt.% Cu (Recipe #1, 4 
wt.% Cu) had the highest oxygen concentration, indicating that Recipe #1 continues to be prone 
to oxygen incorporation.  Comparing Figure 3-1 and Figure 3-3 further implies that Cu 
concentration alone is not a dominating factor in device performance, yet too much Cu reduces 
device performance. [5]  It is noteworthy that the highest performing device produced from the 
2012 target set (Recipe #2, 2% Cu) had the least amount of oxygen and the most Te in the films.  
 Comparison of the compositional and optical data of the ZnTe:Cu films from 2012 
targets suggests that oxygen and Cu concentrations can also affect the optical properties of the 
films, such as the optical bandgap (Eog) and the amount of band tailing that is indicated in tauc 
plots (see Figures 3-4 and 3-5). 
Figure 3-4 shows that oxygen in these films shifts the value of Eog from ~1.96 eV to 
~2.16 eV, which is indicated by x-intercept of the linear portion of the data.  The optical data 
shows Eog < 2.25 eV for all films (note that the accepted Eog value of crystalline ZnTe = 2.25 
eV).  This lower than expected bandgap may be a manifestation of the formation of an 
intermediate bandgap, which is reported to occur in ZnTe:Cu. [6,7] 
Figure 3-5 is an enlarged version of the plot in Figure 3-4 that details the band tailing in these 




this case, which causes a perturbation of the bands by forming tails of states that extend the 
bands into energy gap. [8] It is suggested that the band tails observed here are due to the valence 
band edge tailing into the energy gap as Cu concentration increases.  So far we have not 
identified reports that discuss band tails in ZnTe, or suggest preferred methods for their optical 
analysis.  As a starting point, we define a band-tail parameter as the areas shown in the Figure 3-
5 that are bounded by the actual data, the linear extension of the data, and the x axis.  Within this 
analysis construct, the band-tail is shown to increase systematically with higher Cu 
concentrations.  Further, correlation of this band-tail parameter (shown in Figure 3-5) and device 
performance (shown in Figure 3-3) suggests defects in ZnTe layers may be linked to defects in 
the CdTe layer. 
Figure 3-4: Tauc plot showing absorption spectra of the ZnTe:Cu films from which the optical 





Figure 3-5:  Enlarged portion of bottom left side of Figure 3-4 to show band tailing effect.  The 
amount of band tailing that occurs increases with Cu concentration in the ZnTe:Cu films. 
 
 
 Another parameter that affected optical properties of the ZnTe:Cu films was the substrate 
temperature during deposition.  Figure 3-6 shows how the optical properties of the ZnTe:Cu 
films produced from the 2012 target containing 4 wt.% Cu (Recipe #2) varies with substrate 
temperature. Absorption spectra in this tauc plot also shows how more band tailing occurs for the 
substrate temperatures that are above 200 °C.  Figure 3-7 shows how the optical band gap of 
each film shown in Figure 3-6 changes with substrate temperature.  The data shown in Figure 3-7 
agrees with previous studies that have shown how the optical band gap increases with higher 





Figure 3-6: Tauc plot showing absorption spectra of ZnTe:Cu films that were deposited at 




The temperature of the substrate during deposition of the ZnTe:Cu films produced from the 2012 
target containing 4 wt.% Cu concentration (Recipe #2) also affected the resistivity of the films.  
Figure 3-8 shows how the resistivity of the films deposited at substrate temperatures above 200 
°C decreases as the temperature increases. 
Figure 3-7: Plot illustrating the effect of substrate temperature on optical band gap. 
 
 
Again, data shown in Figure 3-8 agrees with previous studies that have shown how the resistivity 
increases with higher substrate temperature (200 °C and above) for ~5 at.% Cu-doped ZnTe 












































Figure 3-8: Effect of substrate temperature on the Hall-measured resistivity for ZnTe:Cu films 
containing 4 wt.% Cu. 
 
3.5  Conclusions 
 Although the ZnTe:Cu/Ti contact has been demonstrated to provide both high-
performance and high-stability for polycrystalline CdS/CdTe solar cells applications, this study 
indicates that there remains much to be learned regarding optimizing of the ZnTe:Cu contact 
interface layer.  Specifically, we have found that small changes in the target manufacturing 
process can significantly affect the performance of devices contacted with a sputtered ZnTe:Cu 
contact-interface layer.  These difference have been linked to differences in oxygen and Cu 
concentration in the ZnTe:Cu film.  We have found that by modifying the target production 
processes, the composition of the ZnTe:Cu film can be altered, and that devices made from these 
modified targets demonstrate performance differences that can be correlated to target 
composition.  Consistent with earlier studies, optical analysis suggests that increased oxygen in 
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may be linked to the formation of the intermediate bandgap state known to form in ZnTe:Cu. [9]  
We add to this optical analysis by showing here that increased Cu concentrations increases the 
extent of band tailing.  Because the extent of band tailing appears to be linked to device 
performance, the same defects that lead to the formation of band tails in the ZnTe:Cu may also 
be linked to defects in the CdTe absorber layer that affect performance.  The optical analysis in 
this study include film thicknesses on the order of 5 to 10 absorption lengths (one absorption 
length is ~ 1/α).  Thus, in future work, additional analysis is needed to verify the same results 
will occur for film thicknesses that are 1000-2000 Å. 
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4.1  Abstract 
 A back contact containing a sputtered ZnTe:Cu interface layer can produce high-
performing thin-film CdS/CdTe photovoltaic devices. We have found that varying the ZnTe:Cu 
sputtering target fabrication processes and deposition temperature can affect material properties 
of the ZnTe:Cu films and the resulting device performance. Two different target “recipes” with 
various copper contents were used to study changes in the compositional, structural, optical, and 
electrical properties of ZnTe:Cu films. Substrate temperature during deposition was also varied 
to investigate the temperature dependence of the films. It was found that the target recipe, Cu 
concentration in the target, and deposition temperature affect the composition of the ZnTe:Cu 
films, which impacts their structural, optical, and electrical properties. 
4.2  Introduction 
 A low resistance and stable back contact for CdS/CdTe thin-film photovoltaic (PV) 
devices can be achieved by incorporating a Cu-doped ZnTe interface layer between the CdTe 
absorber and a Ti outer metal contact [1]-[2]. Previous studies at the National Renewable Energy 
Laboratory (NREL) suggest that the following contact parameters are required to form a high-
performing ZnTe:Cu contact interface: (1) the ZnTe:Cu/Ti contact is deposited at substrate 




ZnTe:Cu [3], and (2) the ZnTe:Cu layer is doped to have high net acceptor densities (NA ≥ ~5 x 
1018 cm-3) to allow low-resistance quantum-mechanical tunneling through a narrow barrier at the 
ZnTe:Cu/metal interface,  [4]-[6]. Also, depositing ZnTe:Cu onto the CdTe layer at temperatures 
approximately greater than 200°C allows Cu to thermally diffuse into the CdTe layer from the 
ZnTe:Cu layer, increasing the CdTe net acceptor density, and improving the junction/device 
performance [7]. The acceptor-generating mechanism is often suggested to be either 
displacement of a Cd atom from its site to form a Cd vacancy (VCd), first removing the Cd and 
then replacing it with Cu (CuCd), or substituting Cu onto a preexisting VCd site [8]. However, 
more than optimum Cu diffusion can reduce device performance and stability by forming Cu 
interstitial defects (Cui), which is believed to decrease the net-acceptor concentration in the CdTe 
layer, or by causing the Cu to diffuse further into the cell, creating acceptor levels in the CdS 
layer, which produces “rollover” characteristics in the first quadrant of the LIV performance 
measurements [3]-[8]. Also, because of the nearly perfect alignment of the CdTe and ZnTe 
valence bands, hole transport can occur between the CdTe and ZnTe layers [9]. 
 ZnTe:Cu films used in this study were deposited by r.f. magnetron sputtering. Previous 
studies have shown that small changes in ZnTe:Cu sputtering target preparation not only affect 
the material properties of the films, but also can produce significant changes in device 
performance [10]. These changes in performance are believed to be linked to the amount of Cu, 
Zn/Te ratio, and oxygen content in the ZnTe:Cu films [8]. It is suggested that ZnTe:Cu films 
containing excessive oxygen can be linked to formation of Cu-O phases that may limit the 
amount of Cu that can beneficially diffuse into the CdTe [11]. Thus, to explore how changes in 
target compositions affect the resulting ZnTe:Cu film properties, the initial materials in the two 




that contained either  2 or 4 wt.% Cu (Recipe #1 was used to make a 4 wt.% Cu target, and 
Recipe #2 was used to make both 2 and 4 wt.% Cu targets). Initial materials analysis suggests 
targets produced from elemental sources, Zn, Te, and Cu (called Recipe #2), rather than 
compounds, ZnTe and Cu (called Recipe #1), causes formation of higher-density targets, which 
also produce films that appear visually more transparent [10]. The two target recipes not only 
affect the composition of the films (Figure 4-1), but also the resulting device performance 
(Figure 4-2).  
 In this study we investigate how variation of the target (recipe and/or Cu amount) and 
substrate temperature used for film deposition affect the ZnTe:Cu film properties. These 
properties are very likely to strongly affect cell performance and stability when they are 
incorporated into the CdTe device structure as an interface layer. 
4.3  Materials and Methods 
 ZnTe:Cu films used in this study were deposited from one of three types of sputtering 
targets onto cleaned glass substrates using r.f. magnetron sputtering in a Unifilm Technologies 
PVD 300, multi-source, planetary-motion sputtering system vacuum processing chamber. Two 
different recipes were used by the vendor (Materion, Milwaukee, WI) to produce the targets 
tested in this study. The first process (Recipe #1) started with a reacted ZnTe compound that was 
then blended with Cu, then was reacted a second time, which allowed the target to be hot-pressed 
at a higher temperature, producing a high-density target (4 wt.% Cu) similar to the targets made 
by Recipe #2. The second process was a new recipe used in an attempt to reduce the oxygen 
concentration in the targets. This recipe (Recipe #2) used elemental Zn, Cu, and Te as the initial 
raw materials for blending (instead of ZnTe and Cu), and then reacted the elements in a reducing 




material was sized (masticated) and hot-pressed to form the targets with the desired Cu 
concentrations (2 and 4 wt.%). Recipe #1 targets contained 4 weight percent of Cu, while Recipe 
#2 was produced with 2 or 4 weight percent of Cu. 
 Film thickness was measured using a Veeco DekTak stylus profilometer. Thicknesses of 
films deposited at room temperature, 100°C, 200°C, and 350°C from Recipe #1 (4 wt.% Cu) and 
Recipe #2 (2 wt.% Cu) targets ranged between 0.44 – 0.53 µm and 0.74 – 0.84 µm respectively. 
Thicknesses of films deposited at these same five temperatures and also at 320°C from Recipe #2 
(4 wt.% Cu) ranged between 0.69-0.81 µm. These sets of samples from each target that varied in 
temperature were used for structural, optical, and electrical analysis. The other set of films used 
for compositional measurements were deposited at room temperature from each target with 
slightly different ranges of thicknesses as shown in Figure 4-1. 
 For compositional data shown in Figure 4-1, electron probe microanalysis (EPMA) was 
used to determine the Zn, Te, and Cu concentration, and x-ray photoelectron spectroscopy (XPS) 
analysis, from a Physical Electronics Model 5600 system, was used to determine the oxygen 
concentration of the ZnTe:Cu films. These films were deposited from each of the three targets at 
two different thicknesses from onto cleaned soda-lime glass substrates at room temperature. Film 
thicknesses ranged from 0.52-1.11 µm  
 The ZnTe:Cu films described above were further incorporated into CdS/CdTe devices 
made at NREL (see Figure 4-2). The structure of the device used in this study was barium 
silicate glass/SnO2:F/SnO2/CdS/CdTe/ZnTe:Cu/Ti. For contacting, approximately 100 nm of 
material was removed by ion-beam milling to clean the CdTe surface of any CdCl2 process 
residues and yield a reproducible interface stoichiometry before the ZnTe:Cu film was deposited. 




target recipes. The thicknesses of ZnTe:Cu layers deposited from each target in devices were the 
same as the smaller thickness of the two films from each target used for composition data shown 
in Figure 4-1, which are 0.52 µm for the Recipe #1 target with 4 wt.% Cu, 0.77 µm for the 
Recipe #2 target with 4 wt.% Cu, and 0.67 µm for the Recipe #2 target with 2 wt.% Cu. The last 
step of the contact process was to deposit approximately 0.5 µm of Ti, using d.c. magnetron 
sputtering. Samples were cooled for 120 minutes before removing them from the vacuum 
chamber were then patterned photolithographically and chemically into 0.25-cm2 cells. Light and 
dark current-voltage (IV) characteristics were then measured from the devices using a Spectrolab 
XT-10 solar simulator. These measurements are shown in Figure 4-2.  
 X-ray diffraction (XRD) was done on films that were ~0.5 µm thick using CuKα 
radiation and a diffractometer to investigate the structural properties of ZnTe:Cu films and how 
the film structures depend on deposition temperature and target recipe. Figures 4-3, 4-4, and 4-5 
show XRD analysis for films deposited onto soda-lime glass from each of the three targets at 
20°C, 100°C, 200°C, and 350°C.  
 To study how the optical band gap varies with target recipe and deposition temperature, 
films from Recipe #1 (4 wt.% Cu) and Recipe #2 (2 wt.% Cu) were deposited onto cleaned soda-
lime glass at substrate temperatures of 20°C, 100°C, 200°C, and 350°C, while the films 
deposited from Recipe #2 target (4 wt.% Cu) were deposited onto barium silicate glass (Corning 
7059) at substrate temperatures of 20°C, 100°C, 200°C, 320°C and 350°C. The procedure 
described in ref. [10] was followed to acquire optical data of the quality needed for the 
envisioned analysis. Reflection and transmission spectra were collected from these films using a 




calculate the absorption coefficient, α (cm-1), and produce Tauc plots to determine the optical 
band gap for each film and how it depends on deposition temperature (Figures 4-6 and 4-7).  
 To determine the electrical properties of ZnTe:Cu films, Hall measurements (Van der 
Pauw technique) were collected at magnetic field values of ±1.0, 4.0, 7.0, and 10.0 kG at room 
temperature. The films used for Hall measurements were deposited onto cleaned soda-lime glass, 
barium silicate glass (Corning 7059), and alumino-borosilicate glass (Eagle) at room 
temperature, 100°C, 200°C, 320°C (only Recipe #2 target films with 4 wt.% Cu), and 350°C. 
Figures 4-8 and 4-9 show how the average Hall data of the ZnTe:Cu films vary with type of 
substrate, deposition temperature, and Cu concentration. (error bars show how much values 
change with varying B-field). Hall data were collected for films produced by Recipe #2 targets 
containing 2 and 4 wt.% Cu. Films deposited from the Recipe #1 target (4 wt.% Cu) were too 
resistive to measure Hall data. 
4.4  Results and Discussion 
 EPMA and XPS analysis data, shown in Figure 4-1, reveal the differences in 
compositions of ZnTe:Cu films deposited from the Recipe #1 and Recipe #2 targets. 
Compositional data show that Recipe #1 target films have much higher oxygen concentrations 
and Zn/Te ratios than the Recipe #2 target films. Also, comparison of the two 4 wt.% target films 
in Figure 4-1 implies that targets made by Recipe #2 produce films with more Cu than the 
Recipe #1 targets. This suggests that the composition of the films is linked to the type of initial 
materials used in the target recipe, because target Recipe #2 initial materials (ZnTe + Cu2Te) 
contains  more tellurium and twice the amount of Cu compared to target Recipe #1 (ZnTe + Cu). 
Furthermore, films from the Recipe #1 target containing 4 wt.% Cu had the highest oxygen 




Figure 4-1: Compositional data of ZnTe:Cu films deposited from the three target recipes. The 
Zn, Cu, and Te concentrations were determined from EPMA analysis, while oxygen 
concentration data came from XPS analysis. 
 
 
 Figure 4-2 shows the comparison of light and dark IV measurements from devices made 
from each of the three target types. The device made from the 2 wt.% Cu Recipe #2 target, which 
produced the least amount of oxygen and the most Te in the films, was the best performing, 
compared to the devices made from the other two targets. This device was also the only one that 
did not show rollover characteristics in the IV measurements. 
 The rollover observed for the devices in Figure 4-2 suggests the Recipe #1 and Recipe #2 
targets that both contained 4 wt. % Cu will produce a ZnTe:Cu layer that contains a more than 
optimum Cu concentration, allowing excess Cu to diffuse further into the cell to create Cu-
related acceptors in CdS, and lowering the overall device performance [3]. Comparison of 
Figures 4-1 and 4-2 shows how the 4 wt.% Cu Recipe #1 target, which created films with the 
most oxygen and average amount of Cu (compared to the other two targets), produced a device 




defect complexes that are formed during the diffusion process when fabricating a device, 
involving an interstitial Cu (Cui) and oxygen atom substituting onto a vacant Te site (VT ). This 
substitution forms a (Cui + OTe) defect pair within the junction region, which increases the net 
acceptor density NA-ND in the CdTe layer, but does not produce a wide enough space-charge 
width (WD). Such an effect is known to cause rollover in the IV measurement data [11]-[12]. 
 Surprisingly, the device made from the target Recipe #2 with 4 wt.% Cu was the least 
efficient and showed the most rollover in its IV characteristics which could be due to the high Cu 
concentration that this target produces, which causes a large amount of Cu diffusion into the CdS
[3]. This tells us that the devices made from Recipe #2 targets are highly sensitive to the Cu 
concentration used, because the best performing device came from using the 2 wt.% Cu target, 
while the worst performing device was produced from the 4 wt.% Cu target. 
Figure 4-2: Light and dark IV measurements of devices made with ZnTe:Cu targets using both 
Recipe #1 and Recipe #2. 
  
 X-ray diffraction (XRD) was performed to determine the structural data of ZnTe:Cu 
films. Figures 4-3 and 4-5 show how the structure varies with deposition temperature for films 




deposited at temperatures between 20°C - 200°C, indicating that the 4 wt.% Cu Recipe #1 target 
produces amorphous ZnTe:Cu films below ~200°C. 
Figure 4-3: XRD spectra of films deposited from target Recipe #1 (4 wt.% Cu) at 20°C, 100°C, 
200°C, and 350°C. 
Figure 4-4: XRD spectra of films deposited from target Recipe #2 (4 wt.% Cu) at 20°C, 100°C, 





 This agrees with previous studies that suggest the crystallinity of ZnTe decreases with 
increasing oxygen content, and the 4 wt.% Cu Recipe #1 target produces films with high oxygen 
concentrations (Figure 4-1) [13]. The crystallinity of the films in Figure 4-3 starts to improve at 
~200°C, forming weak hexagonal ZnTe and cubic Cu2Te structures, but favors only cubic 
phases of ZnTe and Cu2Te at 350°C. 
 
Figure 4-5: XRD spectra of films deposited from target Recipe #2 (2 wt.% Cu) at 20°C, 100°C, 
200°C, and 350°C. 
 
 
 Surprisingly, the XRD data of the ZnTe:Cu films from both Recipe #2 targets, which are 
shown in Figure 4-4 (4 wt.% Cu) and Figure 4-5 (2 wt.% Cu), reveals that the films are 
polycrystalline starting at room temperature. The diffraction patterns of the 4 wt.% Cu (Recipe 
#2) show that the films seem to favor hexagonal ZnTe and Cu2Te structures when deposited 
lower than 200°C. At 200°C, the films still favored the hexagonal ZnTe phase, but start to 




Cu2Te are now the dominant phases in the 4 wt.% Cu (Recipe #2) films, but those same data also 
show a very weak match to the cubic ZnTe structure. 
 In Figure 4-5 the XRD patterns of the films from the Recipe #2 (2 wt.% Cu) target show 
peaks for the hexagonal ZnTe and cubic Cu2Te phases at room temperature. As the deposition 
temperature increases, the films slowly switch from hexagonal ZnTe and cubic Cu2Te to having 
only cubic phases of ZnTe and Cu2Te at 200°C and above. 
 Comparison of Figures 4-3, 4-4, and 4-5 shows how all three targets produce ZnTe:Cu 
films that change from hexagonal to cubic phases as deposition temperature increases, but the 
temperature at which the films  begin to change is different for each target type, and seems to be 
related to the Cu concentration of the films deposited at room temperature shown in Figure 4-1. 
The Recipe #2 (2 wt.% Cu) target films, that had the least amount of Cu (Figure 4-1), have cubic 
structure by 200°C. Even though the films produced from the Recipe #1 (4 wt.% Cu) were 
amorphous at 20°C, they also had the second highest Cu concentration, and favor cubic phases at 
350°C. However, films with the highest Cu concentration from the Recipe #2 (4 wt.% Cu) target 
continue to have mixed hexagonal and cubic phases at 350°C. 
 The optical properties of the ZnTe:Cu films also varied from each target and deposition 
temperature. Figure 4-6 displays a Tauc plot showing absorption spectra of the ZnTe:Cu films 
deposited from each of the three different targets at substrate temperatures ranging from 20-
350°C. The optical band gap for each film was determined from the linear fit of each curve and 
is stated in the legend. 
Previous reports have shown that as the amount of oxygen in ZnTe:Cu films increases, 
the band gap will decrease significantly (from ~1.6 eV to ~2.25 eV) [6]. Comparing the optical 




deposited at 20°C from each target (shown in the legend in Figure 4-6), suggests that the oxygen 
levels relate to the amount of variation in the band gap in films for each of the different targets.
 
Figure 4-6: Tauc plot showing absorption spectra of the ZnTe:Cu films deposited at substrate 
temperatures ranging from 20- 350°C from each of the three different targets. The optical band 
gap for each film was determined from the linear fit of each curve and stated in the legend along 
with the oxygen concentrations of films deposited at 20°C from each target (Figure 4-1). 
 
 
The Recipe #1 (4 wt.% Cu) target produced films with the highest oxygen concentration of 10.32 
at.% (Figure 4-1), and the values of the band gap, Eg, also increase the most from ~1.95 eV to 
~2.21 eV for increasing deposition temperatures, which is known to get rid of oxygen in the 
films. 
 Figure 4-7 shows how the optical band gaps that were determined in Figure 4-6 change 
with increasing deposition temperature for the ZnTe:Cu films from all three targets. Films from 
the Recipe #2 targets show a steady increase in Eg for increasing temperature (except for one 




that the rest). However, the Recipe #1 target films show a decrease in band gap values until 
350°C, where the band gap suddenly increases from 1.86 eV to 2.20 eV. 
Figure 4-7: Shows how the optical band gap of the films produced from the three types of targets 
varies with deposition temperature. 
 
 Hall measurements in Figure 4-8 show how the electrical properties of the ZnTe:Cu films 
that were produced from the Recipe # 2 target with 4 wt.% Cu vary with deposition temperature 
and type of substrate. Figure 4-8 shows how the resistivity of the films increases as substrate 
temperatures increase from room temperature (20°C) to 200°C, then decreases as the temperature 
further increases from 200°C to 350°C. The resistivity of films deposited at temperatures 
between room temperature and 200°C differs with previous studies that have shown the 
resistivity remains high with substrate temperatures below 200°C for ~5 at.% Cu-doped ZnTe 
films that were produced from Recipe #1 targets [14]. 
 The Hall coefficient, carrier density, and Hall mobility of the films that were deposited 
onto three types of substrates at various temperatures are also shown in Figure 4-8. Error bars are 
caused by the greater change in Hall coefficient values measured at the different magnetic fields, 




carrier density data agree with previous studies that show lower carrier densities for films 
deposited at temperatures below 200°C (for ~5 at.% Cu-doped ZnTe films that were produced 
from Recipe #1 targets), because the majority of Cu activation occurring at substrate 
temperatures greater than 200°C [14]. However, the mobilities of the films are much higher at 
room temperature (~2.5 cm2V-1s-1), differing from the same previous study in which mobilities 
were fairly constant (0.3 to 0.7 cm2V-1s-1) for all deposition temperatures. This difference 
suggests that the grain boundaries are smallest in the ZnTe:Cu films (from the Recipe #2 target 
containing 4 wt.% Cu) when substrates are at room temperature. 
 
Figure 4-8: Effect of substrate temperature on the Hall-measured electrical properties for 
ZnTe:Cu films produced from the Recipe #2 target containing 4 wt.% Cu. 
  
 Figure 4-9 shows how the electrical properties change with deposition temperature for 
films deposited from the Recipe #2 target containing 2 wt.% Cu. These films behave more 
similar to those in past studies of how ZnTe:Cu film Hall data vary with deposition temperatures, 




 The resistivity values for the 2 wt.% Cu films are much greater that the values for the 4 
wt.% Cu films, agreeing with ref. [14] that shows how resistivity of ZnTe:Cu films decrease with 
Cu concentration. The carrier concentrations of the films deposited from the Recipe #2 target 
with 2 wt.% Cu remain fairly constant at ~0.7 × 1019 - 2.0 × 1019 cm-3 for substrate temperatures 
ranging from 20° - 350°C, which is much lower than the 4 wt.% Cu films shown in Figure 4-8. 
The Hall coefficient also did not change much with substrate temperature. However, the mobility 
of the 2 wt.% Cu films increased slightly at 200°C, but were still at low values compared to the 4 
wt.% films. The Recipe #1 target films (4 wt.% Cu) were too resistive for Hall measurements, 
agreeing with ref. [6], which suggests oxygen can cause ZnTe:Cu films to be very resistive [6]. 
 
Figure 4-9: Effect of substrate temperature on the Hall-measured electrical properties for 
ZnTe:Cu films produced from the Recipe #2 target containing 2 wt.% Cu. 
 
4.5  Conclusions 
 Although the ZnTe:Cu/Ti contact has been demonstrated to provide both high-




indicates that there remains much to be learned regarding optimizing the ZnTe:Cu contact 
interface layer. Specifically, we have found that using different initial materials to fabricate the 
target can significantly affect the ZnTe:Cu material properties that relate to the device 
performance. 
 These different target recipes have been linked to differences in oxygen and Cu 
concentration in the ZnTe:Cu films, which also have major effects on the devices. More than 
optimum Cu in the ZnTe:Cu contact layer can cause Cu diffusion into the CdS layer, producing 
rollover in the IV characteristics, and lowering device performance. Also, too much oxygen in 
the ZnTe:Cu layer can limit the Cu diffusion so that the device performance is poor due to low 
net acceptor densities in the CdTe layer.  
 However, it has been shown here that the 4 wt. % Cu Recipe #2 target can produce 
polycrystalline films (Figure 4-4) that have good electrical properties such as low resistivity, 
high carrier concentration, and high mobility (Figure 4-8). Previous studies state that in order to 
form a high-performing contact interface, the ZnTe:Cu layer must be doped to have high net 
acceptor densities (NA ≥ ~5 × 1018 cm-3), and have low resistivity [3]-[6]. Thus, not only do the 
films produced from the 4 wt.% Cu Recipe #2 target have the properties needed to be a high-
performing contact,  but such films can also have these properties at room temperature. Hence, 
the ZnTe:Cu can be deposited onto the CdTe layer at room or low temperatures avoiding 
detrimental Cu diffusion. Therefore, if the optimum doping of the CdTe layer can be achieved 
before depositing the ZnTe:Cu contact, then the ability to contact the device without having to 
rely on Cu diffusion from the ZnTe:Cu interface may allow improvement of the performance of 
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 A back contact containing a sputtered ZnTe:Cu interface layer can produce high-
performing thin-film CdS/CdTe photovoltaic devices.  We have found that varying the ZnTe:Cu 
sputtering target fabrication processes and deposition parameters affect ZnTe:Cu film properties 
and the resulting performance of devices.  Two different target recipes that had various copper 
contents were used to study changes in ZnTe:Cu film composition and structure of the material, 
and how these properties affect the optical band gap. Parameters during deposition were also 
varied such as substrate temperature, thickness of film, and sputtering gas (%H2/Ar) to see how 
they affect ZnTe:Cu film properties. It was found that the amount of thermal and structural 
disorder in the ZnTe:Cu films affects material properties, especially in band tailing and optical 
bandgap. In this study we investigate how the optical band gap, E , and Urbach energy, EU, from 
optical spectra of the ZnTe:Cu films due to change in compositional and structural properties 
from varying deposition parameters such as type of sputtering target used (Recipe #1: ZnTe-Cu, 
containing 1 at.% Cu or 4 wt.% Cu, or Recipe #2: ZnTe-Cu2Te, containing 2 wt.% Cu or 4 wt.% 






5.1  Introduction 
 Developing a low resistance and stable back contact for CdS/CdTe thin-film photovoltaic 
(PV) devices is an important goal for the CdTe community. [1]  Studies at the National 
Renewable Energy Laboratory (NREL) have shown that the required contact parameters can be 
achieved by incorporating a Cu-doped ZnTe interface layer between the CdTe absorber and a Ti 
outer metal contact. [2]  This contacting process enables low-resistance tunneling through a 
narrow barrier between the ZnTe:Cu and Ti metal, because ZnTe can be doped to high acceptor 
levels. [1, 3]  Also, the nearly perfect alignment of the CdTe and ZnTe valence bands allows hole 
transport between the CdTe and ZnTe layers. [1, 4] 
 ZnTe:Cu films used in this study were deposited by r.f. magnetron sputtering.  Previous 
studies have shown that small changes in ZnTe:Cu sputtering target preparation not only affects 
the compositional and optical properties of the films, but also can produce significant changes in 
device performance. [5] “Historic” targets (acquired by NREL in the early 90’s), that were made 
with nominally identical compositions as more “recent” targets (acquired by NREL in 2012), not 
only produced ZnTe:Cu films with different compositions and optical properties, but also 
affected device performance when incorporated into the cell. After further investigation, we 
found that the environment used to blend the raw materials in during the target manufacturing 
processes had evolved since the 90’s. These changes in performance are believed to be linked to 
the amount of Cu, Zn/Te ratio, and oxygen content in the ZnTe:Cu films. [6] It is suggested that 
ZnTe:Cu films containing excessive oxygen can be linked to formation of Cu-O phases that may 
limit the amount of Cu that can beneficially diffuse into the CdTe. [7] Suspecting that the higher 
oxygen content in the ZnTe:Cu may be related to changes in film properties and lower device 




targets themselves. Previous studies have shown that adding small amounts of hydrogen to the 
sputtering ambient during the deposition process can lower the amount of oxygen present in 
ZnTe:Cu films. [8] Also, initial materials analysis suggests targets produced from elemental 
sources (Zn, Te, and Cu), called Recipe #2, rather than compounds (ZnTe and Cu), called Recipe 
#1, causes formation of higher-density targets, which also produce films that appear visually 
more transparent.  These “recent” targets made from either Recipe #1 or Recipe #2 not only 
changed the compositions of the films, but also affected the optical and structural properties of 
the films. Four sputtering targets were used to study how target manufacturing processes affect 
ZnTe:Cu film properties. The “recent” alternative target fabrication process (Recipe #2) was 
used to make two (2 and 4 wt.% Cu) of the four targets used here, while the remaining two 
targets were produced using the historic Recipe #1 (1 at. and 4 wt.% Cu).  
5.2  Materials and Methods 
 Two different recipes were used by the vendor (Materion, Milwaukee, WI) to produce the 
targets tested in this study.  The first process (Recipe #1) blended powders of (compound) ZnTe 
with Cu metal, before hot-pressing the material to produce ZnTe:Cu targets.  The second process 
(Recipe #2) blended elemental Zn, Cu, and Te elements, pre-reacted all elements to form a 
mixture of ZnTe and Cu2Te.  The material was then sized (masticated), and hot-pressed to 
produce the ZnTe:Cu targets.  Recipe #1 targets contained either 1 atomic percent or 4 weight 
percent of Cu, while Recipe #2 was produced with 2 or 4 weight percent of Cu. 
 ZnTe:Cu films were deposited from the different targets using r.f. magnetron sputtering 
in a Unifilm Technologies PVD 300 multi-source vacuum processing chamber.  Following an 
initial 60 min conditioning, targets were pre-sputtered for approximately 5 minutes before each 




wt.% Cu), were deposited in 100% argon gas at thicknesses ~0.5 µm and ~0.7 µm, respectively, 
onto soda-lime glass substrates at 20°C for compositional analysis. To study how optical and 
structural properties varied with substrate temperature used during the deposition process, 
ZnTe:Cu films were also deposited at 20°C, 100°C, 200°C, and 350°C. For a previous study, 
films were deposited from the “historic” Recipe #1 (1 at.% Cu) onto soda-lime glass substrates 
that were at 300°C, at thicknesses ~1.2 µm, in either 100% argon gas, or when small amounts of 
hydrogen (0.6 x 10-5 Torr H2, 1 x 10-5 Torr H2, 5 x 10-5 Torr H2) were added to 7.5 x 10-4 Torr 
Ar. [8] Film compositions were previously measured in the study described in [8], and the 
optical measurements were performed for the same films for this study. 
 Film thickness was measured using a Veeco DekTak stylus profilometer. For 
compositional data, electron probe microanalysis (EPMA) was used to determine the Zn, Te, and 
Cu concentration of the ZnTe:Cu films deposited from the four targets. X-ray photoelectron 
spectroscopy (XPS) analysis, from a Physical Electronics Model 5600 system, was used to 
determine the oxygen concentration of the ZnTe:Cu films produced from only the three “recent” 
targets. 
 Optical reflection and transmission spectra were collected using a Varian Cary 6000i UV-
Vis-NIR spectrophotometer to investigate changes in the optical band gap, Eg, nd the Urbach 
energy, EU, which is the width of the localized states that tail into the band gap, for films that 
were deposited in either varying H2 concentrations added to the sputtering ambient, or at various 
deposition temperatures in 100% Ar. [9] In order to acquire optical data of the quality needed for 
the envisioned analysis, glass substrates were not placed in front of the beams during the baseline 
collection of 0% and 100% transmission and reflection data.  Thus, only the effects of air were 




of the sample incident to the measurement beam.  Tauc plots produced from the optical data 
limited the y-axis to (αhν)2 values less than 4 x 1010 (eV/cm)2 to assure that α remains less than 
105 cm-1 in the range near the band edge.  Further, the thickness of the sample was limited to 
ensure enough light is transmitted at energies greater than or equal to the bandgap energy.  This 
will allow the analysis of α to remain valid since α = - (1/d) ln[T/(1-R)], where d is the thickness 
of the film, T is the transmittance, and R is the reflectance.  We believe that plotting in this way 
allows values of both bandgap (x-intercept) and band tailing to be assessed and compared with a 
reasonable degree of confidence.  
5.3  Results and Discussion 
Compositional analysis of ZnTe:Cu films (Figure 5-1) deposited from Recipe #1 targets 
(1 at.% Cu, 4 wt.% Cu) and Recipe #2 targets (2 wt.% Cu, 4 wt.% Cu) shows that films produced 
from the Recipe #1 targets  have a higher Zn/Te ratio than the films deposited from the Recipe 
#2 targets. Although oxygen concentrations for the films made from the “historic” Recipe #1 (1 
at.% Cu) target are not shown, the films made from the “recent” Recipe #1 target (4 wt.% Cu) 
contained much more oxygen than the Recipe #2 (2 and 4 wt.% Cu) films. [8] 
Optical properties of the ZnTe:Cu films deposited from the Recipe #1 target containing 1 
at.% Cu varied as different amounts of hydrogen were added to the sputtering ambient. Figure 5-
2 displays a Tauc plot showing absorption spectra of the Recipe #1 (1 at.% Cu) target ZnTe:Cu 
films in either 100% argon gas, or when small amounts of hydrogen (0.6 x 10-5 Torr H2, 1 x 10-5 










Figure 5-1: Compositional data of ZnTe:Cu films deposited from the four target recipes. The Zn, 
Cu, and Te concentrations were determined from EPMA analysis, while oxygen concentration 
data came from XPS analysis. Oxygen concentration for the films made from the Recipe #1 
target containing 1 at.% Cu is not presently known, which is why O concentrations are not 
shown here. Also this target produced films that contained less than ~1 at.% Cu concentrations, 
so they very small in the figure. 
 
 
The optical band gap for each film was determined by finding the x-intercept of the line 
that fits the linear portion of each curve in the “Tauc region”, 104 cm-1 < α < 105 cm-1, where the 
high absorption is associated with inter band transitions, using the Davis and Mott relation [10],  
αhν = B(hν – Eg)n, 
where B is the Tauc parameter, hν is the photon energy, Eg is the optical band gap, and  is a 
number related to the mechanism of the transition process (n = ½ here since it is a direct allowed 
transition). [11, 12.] The slope of this line (B2) is a measure of the structural disorder or 





Figure 5-2: Tauc plot with Davis and Mott Relation to calculate the Tauc parameter, B, and the 
band gap energy, Eg, for films that were deposited from the “historic” Recipe #1 (1 at.% Cu) 
when small amounts of hydrogen were added to the sputtering ambient. 
 
 
 Smaller absorption coefficients (when α < 104 cm-1) occur when one of the bands tails 
exponentially into the forbidden gap. [9] This “Urbach region” can be examined in a plot of the 
natural log of the absorption coefficient, ln(α) vs. photon energy of the band tailing region (when 
α < 104 cm-1).  The Urbach tail is the part of the curve where α depends exponentially on the 
photon energy by, � = ��� �/�� , 
where αo is a constant and EU is the Urbach energy, which is the width of the tail of localized 
states in the band gap representing the degree of disorder [13]. EU values are calculated from the 
slopes of the linear portions of the curve on a plot of ln(α) vs. photon energy. Figure 5-3 shows a 
plot of the Urbach regions for the films that were deposited from the Recipe #1 target containing 




Figure 5-3: Urbach plot and calculated Urbach energy, EU, for films that were deposited from the 




The calculated values of the band gap energy, E , measure of structural disorder, B2 and 
Urbach energy, EU, from the Tauc and Urbach plots (Figures 5-2 and 5-3) of the Recipe #1 (1 
at.% Cu) films are listed in Table 5-1. 
 
Table 5-1: Calculated band gap energy, Eg, measure of disorder, B2, and Urbach energy, EU, for 
films deposited in different amounts of hydrogen added during the deposition process. 
 
Concentration of H2 +  







100% Ar 2.14 5.49 326 
0.6 x 10-5 Torr H2 2.17 4.23 198 
1 x 10-5 Torr H2 2.18 3.48 177 
5 x 10-5 Torr H2 2.19 2.02 120 
 
 
 The results show that as more hydrogen is added to the sputtering ambient, the band gap, 




from 5.49 × 1010 eV/cm2 to 2.02 × 1010 eV/cm2. It is observed that the Urbach energy, EU
decreased as more hydrogen was added to the sputtering ambient, suggesting that oxygen 
increases the level of disorder in the material, since it is known that hydrogen can lower the 
amount of oxygen present in ZnTe:Cu films. [12] Thus, the addition of hydrogen during the 
deposition process reduces the disorder of the structure, causing less intermediate states to form 
within the band gap, therefore widening the gap between the valence and conduction bands. 
 Another parameter that affected optical properties of the ZnTe:Cu films was the substrate 
temperature during deposition.  Figures 5-4, 5-5, and 5-6 show how the optical properties vary 
with substrate temperature of the ZnTe:Cu films produced from the “recent” targets, Recipe #1 
(4 wt.% Cu), Recipe #2 (4 wt.% Cu), and Recipe #2 (4 wt.% Cu), respectively.  
 
Figure 5-4: Tauc plot with Davis and Mott Relation to calculate the Tauc parameter, B, and the 
band gap energy, Eg, for films that were deposited from target Recipe #1 (4 wt.% Cu) at various 
temperatures. There was not a clear linear portion to use to fit the Davis and Mott Relation in the 





Figure 5-4 illustrates how the films deposited from the Recipe #1 (4 wt.% Cu) target at substrate 
temperatures 200 °C or below start to absorb exponentially at much lower energy (~2.0 eV), 
whereas the films deposited at 350 °C, not only start to absorb at higher energy, but also shows 
two linear portions in the Tauc plot data, perhaps suggesting a presence of two phases occurring 
simultaneously in the films. Thus, it was not clear where to fit the data of the film deposited at 
350 °C, using the Davis and Mott relation or Urbach’s rule, in either the Tauc or Urbach plots, 
respectively.  
Figures 5-5 and 5-6 also show that the absorption coefficient, α, for films deposited at 
temperatures lower than 200 °C, from either Recipe #2 target (2 and 4 wt.% Cu), varies 
differently with the photon energy than for films deposited higher than 200 °C. However, this 
change in α and energy dependence is much more significant for the Recipe #1 target films than 
the Recipe #2 target films. 
Figure 5-5: Tauc plot with Davis and Mott Relation to calculate the Tauc parameter, B, and the 






Figure 5-6: Tauc plot with Davis and Mott Relation to calculate the Tauc parameter, B, and the 




Figure 5-7 shows the band gap changes for all “recent” target recipes when the films are 
deposited at 20 °C and 350 °C.  This agrees with previous studies that have shown how the 
optical band gap increases with higher substrate temperature for ~5 at.% Cu-doped ZnTe films 
that were produced from Recipe #1 targets. [14] All films deposited from the “recent” 2012 
targets show an increase in band gap energy as the substrate temperature used during deposition 
increases. Comparison of the compositional data (Figure 5-1) with how much the optical 
bandgap (Eg) changes from room temperature (20 °C) to 350 °C  (in Figure 5-7), suggests that 
oxygen may have the most effect on the band gap value for ZnTe:Cu films. Figure 5-7 shows 
how the Recipe #1 (4 wt.% Cu) film that had the most oxygen in the films deposited at 20 °C for 
each of the three “recent” targets and also had the greatest change in the optical spectra with 




Figure 5-7: Tauc plot showing how the band gap changes for all target recipes when the films are 
deposited at 20 °C and 350 °C. As in Figure 5-4, the band gap could not be calculated from the 
optical data measured from the film deposited at 350 °C. 
 
 
Figure 5-8: Urbach plot and calculated Urbach energy, EU, for films that were deposited from 
Recipe #1 (4 wt.% Cu) target. There was not a clear linear portion to use to fit the Urbach 






A plot of the Urbach regions for the films that were deposited from “recent” targets, Recipe #1 (4 
wt.% Cu) and Recipe #2 (2 or 4 wt.% Cu) at various temperatures is shown in Figures 5-8, 5-9, 
and 5-10. 
Figure 5-9: Urbach plot and calculated Urbach energy, EU, for films that were deposited from 
Recipe #2 (4 wt.% Cu) target. 
 
 
Figure 5-10: Urbach plot and calculated Urbach energy, EU, for films that were deposited from 







 The calculated band gap energy, Eg, B1/2, and Urbach energy, EU, for films deposited 
from “recent” targets, Recipe #1 (4 wt.% Cu) and Recipe #2 (2 or 4 wt.% Cu) at various 
temperatures are shown in Table 5-2.  
 
Table 5-2: Calculated band gap energy, Eg, B2, and Urbach energy, EU, for films deposited from 










Recipe #1 (4 wt.% Cu) 
20 1.98 17.56 220 
100 1.99 16.65 222 
200 2.01 15.13 314 
350 No Fit No Fit No Fit 
Recipe #2 (4 wt.% Cu) 
20 2.16 10.76 497 
100 2.23 11.90 470 
200 2.27 15.05 458 
320 2.31 13.18 286 
350 2.29 11.90 329 
Recipe #2 (2 wt.% Cu) 
20 2.12 9.24 472 
100 2.11 9.00 497 
200 2.13 9.67 448 
350 2.16 9.73 380 
 
  
Comparing the data in Tables 5-1 and 5-2, shows how both films made from Recipe #1 




B2 films decreases. For increasing substrate temperatures, the Urbach energy, EU, mostly 
increases for films that were deposited from the Recipe #1 target, while the values of EU for 
films from Recipe #2 targets tend to decrease, indicating that temperature affects the localized 
states that tail into the band gap differently for each Recipe. Films deposited from the Recipe #1 
(4 wt.% Cu) at substrate temperatures of 200 °C or below show the lowest band gap energies and 
the most band tailing. 
Figure 5-11 shows how the optical band gap varies with the Urbach energy for the films 
produced from each of the four targets. All films, except films deposited from the Recipe #1 (4 
wt.% Cu) target show how the optical band gap, Eg, decreases linearly with increasing Urbach 
energy, EU, but however, Recipe #2 (4 wt.% Cu) have different linear relations for the films 
deposited either below or above 200°C. 
Figure 5-11: Shows how the optical band gap varies with the Urbach energy for the films 






It is suggested that the majority of Cu activation occurs at substrate temperatures greater than 
200°C, which may be why the Recipe #2 (4 wt.% Cu) films behave differently below or above 
200°C in Figure 5-11, and since Recipe #2 (4 wt.% Cu) films have the highest Cu 
concentrations, as shown in Figure 5-1  [14]. 
 Figures 5-12, 5-13, and 5-14 show how the structure of ZnTe:Cu films deposited from the 
“recent” targets, Recipe #1 (4 wt.% Cu) and Recipe #2 (2 or 4 wt.% Cu), varies with deposition 
temperature for films deposited from each of the three targets. The XRD data in Figure 5-9 
shows no peaks for films deposited at temperatures between 20 °C - 200 °C, indicating that the 4 
wt.% Cu Recipe #1 target produces amorphous ZnTe:Cu films below ~200 °C. This agrees with 
previous studies that suggests the crystallinity of ZnTe decreases with increasing oxygen content, 
and the 4 wt.% Cu Recipe #1 target produces films with high oxygen concentrations (Figure 5-1) 
[15]. 
 
Figure 5-12: XRD spectra of films deposited from target Recipe #1 (4 wt.% Cu) at 20 °C, 100 





Figure 5-13: XRD spectra of films deposited from target Recipe #2 (4 wt.% Cu) at 20 °C, 100 
°C, 200 °C, and 350 °C. 
 
Figure 5-14: XRD spectra of films deposited from target Recipe #2 (2 wt.% Cu) at 20 °C, 100 






The crystallinity of the films in Figure 5-12 starts to improve at ~200 °C, forming mixed phases 
of hexagonal ZnTe (weak (110) orientation) and cubic Cu2Te (weak (111) orientation), and 
eventually favors the cubic phase of ZnTe ((111) orientation) Cu2Te ((222) orientation) 350 °C. 
Surprisingly, the XRD data of the ZnTe:Cu films from both Recipe #2 targets, that are shown in 
Figure 5-13 (4 wt.% Cu) and Figure 5-14 (2 wt.% Cu), reveal that the films are polycrystalline 
starting at room temperature. Figure 5-13 shows the diffraction patterns of the 4 wt.% Cu 
(Recipe #2) films closely matches the hexagonal ZnTe and Cu2Te structures for deposition ZnTe 
and cubic Cu2Te are now the dominant phases in the 4 wt.% Cu (Recipe #2) films, but also 
shows a very weak match to the cubic ZnTe structure. In Figure 5-14 the XRD patterns of the 
films from the Recipe #2 (2 wt.% Cu) target show peaks for the hexagonal ZnTe and cubic 
Cu2Te phases when deposited at room temperature. As the deposition temperature increases, the 
films slowly switch from hexagonal ZnTe and cubic Cu2Te phases to having only cubic phases 
of ZnTe and Cu2Te at 200 °C and above. Comparison of Figures 5-12, 5-13, and 5-14, shows 
how all three targets produce ZnTe:Cu films that change from hexagonal to cubic phases as 
deposition temperature increases, but the temperature at which the films begin to change is 
different for each target type, and seems to be related to the Cu concentration of the films 
deposited at room temperature shown in Figure 5-1. The Recipe #2 (2 wt.% Cu) target films, that 
had the least amount of Cu (Figure 5-1), have cubic structure by 200 °C. Even though the films 
produced from the Recipe #1 (4 wt.% Cu) were amorphous at 20 °C, they also had the second 
highest Cu concentration, and favor cubic phases at 350 °C. However, films with the highest Cu 
concentration from the Recipe #2 (4 wt.% Cu) target continue to have mixed hexagonal and 





5.4  Conclusions 
 We have found that varying deposition parameters, such as the amount of hydrogen 
added to the sputtering ambient and temperature of the substrate that is used, as well as using 
different initial materials to fabricate the target can significantly affect the optical and structural 
properties of the ZnTe:Cu material. These different target “recipes” also produced ZnTe:Cu 
films that differed in oxygen and Cu concentration, which also has major effects on the optical 
and structural properties. We have shown that there is a linear dependence between the Urbach 
energy and optical bad gap for ZnTe:Cu films deposited from each target type. Results show that 
Recipe #1 (4 wt.% Cu) target films deposited at temperatures below 200 °C were amorphous 
films, and will have very different optical properties than the films deposited above 200 °C, 
where the films become polycrystalline with two phases occurring simultaneously in the films 
and vary in band gap energy. The films deposited from the Recipe #1 (4 wt.% Cu) at substrate 
temperatures of 200 °C or below show the lowest band gap energies and the most band tailing 
compared to films deposited from any of the other targets (Recipe #1 with 1 at.% Cu, Recipe #2 
with 2 wt.% Cu, and Recipe #2 with 4 wt.% Cu), due to large amount of structural disorder in the 
amorphous films at lower temperatures.  
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 Although the ZnTe:Cu/Ti contact has been demonstrated to provide both high-
performance and high-stability for polycrystalline CdS/CdTe solar cells applications, there 
remains much to be learned regarding optimizing of the ZnTe:Cu contact interface layer.  
Specifically, we have found that small changes in the target manufacturing process can 
significantly affect the performance of devices contacted with a sputtered ZnTe:Cu contact-
interface layer. These different target recipes have been linked to differences in oxygen and Cu 
concentration in the ZnTe:Cu films, which also have major effects on the devices. More than 
optimum Cu in the ZnTe:Cu contact layer can cause Cu diffusion into the CdS layer, producing 
rollover in the IV characteristics, and lowering device performance. Also, too much oxygen in 
the ZnTe:Cu layer can limit the Cu diffusion so that the device performance is poor due to low 
net acceptor densities in the CdTe layer.  
 New 2012 Recipe #2 target has allowed us to produce good performing devices again 
similar to 1993-target contacted devices. This new target recipe also produces films with low 
oxygen and Zn/Te ratio closer to 1993-target films. “Band tailing” in optical data suggests 
formation of localized states within the energy gap because of the disorder in the films that 
occurs from copper and oxygen impurities. Temperature at which the films begin to change from 
hexagonal to cubic structures, as shown in the XRD data, is different for each target type, and 
seems to be related to the Cu concentration of the films. 
 However, it has been shown here that the 4 wt. % Cu Recipe #2 target can produce 
polycrystalline films (Figure 4-4) that have good electrical properties such as low resistivity, 




form a high-performing contact interface, the ZnTe:Cu layer must be doped to have high net 
acceptor densities (NA ≥ ~5 × 1018 cm-3), and have low resistivity [1]-[4]. Thus, not only do the 
films produced from the 4 wt.% Cu Recipe #2 target have the properties needed to be a high-
performing contact,  but such films can also have these properties at room temperature. Hence, 
the ZnTe:Cu can be deposited onto the CdTe layer at room or low temperatures avoiding 
detrimental Cu diffusion. Therefore, if the optimum doping of the CdTe layer can be achieved 
before depositing the ZnTe:Cu contact, then the ability to contact the device without having to 
rely on Cu diffusion from the ZnTe:Cu interface may allow improvement of the performance of 
CdS/CdTe thin-film photovoltaic (PV) devices.  
 Additionally, we have shown that varying deposition parameters, such as the amount of 
hydrogen added to the sputtering ambient and temperature of the substrate that is used can 
significantly affect the optical and structural properties of the ZnTe:Cu material. The results 
show electrical properties of ZnTe:Cu Recipe #2 (4 wt.% Cu) films undergo a transition around 
200 °C that may be due to activation of Cu. 
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